Addition of biochar to soils has been shown to increase crop yield and aid in mitigating greenhouse gas emissions by decreasing the extent of soil methane (CH 4 ) flux. Previous studies utilizing meta-analysis to better understand the impact of environmental and management factors on CH 4 flux from biochar treated soil systems have provided contrasting results, ranging from significant increase, decrease, to no change in methane flux 5 after amendment. We hypothesized that these discrepancies could be explained by separating studies into two major land use categories, upland and paddy, prior to analysis so that the overall redox conditions are more comparable across studies upon which statistical comparisons are made. Furthermore, past studies did not consider potentially critical soil properties including soil organic carbon, total nitrogen, C/N, and soil texture; a number of biochar properties including biochar pH and C/N; and five additional management and experimental 10 factors. In this study, Hedge's d metric was calculated and Wilcoxon analyses were used in a meta-analysis to determine the impact of these additional factors on methane flux from biochar-amended upland versus paddy soils. We demonstrate that variations in soil characteristics including SOC, C/N, and pH significantly influences the methane flux from biochar treated soils, while biochar characteristics and management practices have less to no effect as determined by the magnitude of the Hedge's d metric. Soils with low SOC, total nitrogen, C/N, 15 acidic or alkaline pH exhibited lowest CH 4 emission rates/highest CH 4 uptake rates, whereas soils with higher SOC content, C/N, and circumneutral pH exhibited higher CH 4 emission with biochar addition. Several possible mechanisms are suggested to explain the role of these variables in CH 4 cycling. Results from this study will be used to evaluate the input parameters for building a linear additive model to quantitatively predict soil methane flux in response to biochar additions. Ultimately, implementation of the linear additive model can be extremely 20 valuable for advising agricultural practices toward minimize methane emissions or maximizing methane sink Biogeosciences Discuss., https://doi
applied in similar meta-analysis studies (Jefferey et al., 2016) . Equation (2) was used to calculate Hedge's d (Scheiner and Gurevitch, 2001 ):
where d is calculated for the jth study in the ith class, and X ij C is the mean of the control, X ij E is the mean of the biochar treatment, s ij is the pooled standard deviation of the control and experimental groups, and J is applied 5 to correct for bias due to small sample size, where as the sample size increase J approaches 1. 
where N ij C is the total number of observations in the control, N ij E is the total number of observations in the biochar treatment, s ij C is the standard deviation of observations in the control, and s ij E is the standard deviation 10 of observations in the biochar treatment.
We can then further define J as follows: 
Statistical analysis
Because the data gathered for analyses in this study were highly skewed, non-parametric tests were used to determine differences in Hedge's d among each group within each category (Aronson and Helliker, 2010) .
Groups with less than two treatments were excluded from the analysis. Median Hedge's d of each category and 95% confidence intervals were generated using Wilcoxon test. Due to large differences of CH 4 uptake/emission 5 between upland and paddy soils, the median Hedge's d was also calculated in upland and paddy soils, separately. Kernel density of d was plotted to illustrate the variability of biochar amendment effects among studies. Locally weighted linear regression was then used to examine trends in Hedge's d as a function of each continuous variable (Aronson and Helliker, 2010) .
Meta-analysis results including Hedge's d were calculated using stats package in R. Kernel density and 10 locally weighted linear regression were conducted using the ggplot2 package in R.
Results

Response of CH 4 uptake and emission to biochar amendment
To determine whether addition of biochar to paddy and upland agricultural soils significantly alters CH 4 emissions, we utilized results from 268 observations to compared CH 4 flux from control soils (i.e., no biochar 15 addition) and biochar treated soils. Overall, CH 4 flux from untreated control soils was not significantly different than biochar treated soils in general (Fig. 1a) . Out of 268 total comparisons, 151 showed an increase in CH 4 emission/decrease in CH 4 uptake, 111 showed a decrease in CH 4 emission/increase in CH 4 uptake, and 6 showed no change with biochar amendment. The average Hedge's d was -0.84 and a median of 0.124. Variability in response to biochar increased with increasing flux (Fig. 1a) . The effect of biochar addition on methane flux, as upland soils than from paddy soils when biochar was added (p<0.05) (Fig. 2a) , demonstrating a difference in response of the two land uses to biochar addition. Given this initial result, we further analyzed the possibly factors contributing to the difference in CH 4 flux from biochar amended paddy soil and upland soils separately.
Out of 76 observations examining biochar addition to paddy soils, 35 showed an increase in CH 4 flux strength/decrease in CH 4 sink and 41 showed a decrease in CH 4 flux strength/increase in CH 4 uptake strength.
10
The average Hedge's d for biochar addition to paddy soils is -2.24 and the median is -0.86 (Fig. 2a) . Similarly, addition of biochar to upland soils did not significantly change methane flux as compared to controls (p>0.05) (Fig. 1c) . Our dataset in corroboration with past studies shows that a much larger number of studies have been performed on upland soils than paddy soils (52% more observations biochar, and management factors is necessary to identify the specific conditions that lead to significant changes in soil CH 4 flux upon biochar addition within each setting.
Factors affecting the response of soil CH 4 uptake/emission to biochar amendment
We hypothesized that a number of soil factors, biochar characteristics, and management practices have differentiating effect on methane flux from upland versus paddy soils (as indicated by a non-zero Hedge's d) (Fig. 5 2). We provide results for both land uses combined as the "global mean" and for paddy soils and upland soils, individually, to examine the effect of each factor on CH 4 flux.
The effect of soil, biochar, and management factors on CH 4 flux upon biochar addition is represented by the magnitude of Hedge's d deviation from 0 ( Fig. 2) . Overall, the greatest effect of biochar addition is seen when considering soil properties ( Fig. 2a-c ) and minimal effect is imparted by variations in management 10 practice ( Fig. 2g-i ). Variations in biochar properties (feedstock, pH, pyrolysis temperature, and C/N) do not have a significant effect on CH 4 flux from upland soils (Fig. 2f) , while some biochar properties (feedstock, pyrolysis temperature, and C/N) contribute to significant changes in CH 4 flux strength when added to paddy soils (Fig. 2e) .
Soil properties
Our results show that differences in soil properties correlate with the greatest difference in CH 4 flux from 15 biochar treated soils for both land use categories. The effect of each soil property on changes in methane flux from biochar treated upland soils is reflective of the change in flux from all land uses combined ( Fig. 2a and 2c ), while significantly different effect of soil properties on methane flux is seen in paddy soils (Fig. 2b) (Fig. 2c) .
5
Variations in soil organic carbon (SOC) resulted in significantly different CH 4 flux from both paddy and upland soils (Fig. 2b-c flux strength/decreased sink strength than application to soils with 0-30 g kg -1 SOC content, whereas biochar addition to soils with SOC of 0 to <20 g kg -1 resulted in average decrease in CH 4 flux/increased CH 4 sink.
Variations in soil total nitrogen (TN) did not significantly affect CH 4 flux from biochar treated paddy soils (Fig. 2b) , where TN of <1.5 and 1.5 to 3 g kg -1 lead to decrease in CH 4 flux/increased sink strength to no change in paddy soils with the same C/N values. Our study found that soil texture has no significant effect on methane flux when biochar is applied to either paddy or upland soils (Fig. 2b-c ).
Biochar properties
The impact of individual biochar properties including pyrolysis temperature, C/N of the biochar, feedstock, and pH of the biochar added were also examined. In general, variations in biochar properties did not result in 
Management practice
The impact of management practice on CH 4 flux from biochar treated soils was examined by separating studies into categories including experimental time (number of days of the experiment), experimental method (fieldbased, pot experiments, and incubation experiments), and fertilizer application rate (nitrogen, phosphate, and potassium application). Overall, variations in management practices generally did not have a significant impact with low potassium application rate (<150 kg ha -1 ).
Locally weighted linear regression and linear additive model
The effect of a number of continuous variables on methane dynamics was visualized using locally weighted linear regression (lowess function in R) ( significantly different than 0, which are identified as where the red local regression function lies outside of the confidence interval delineated by the gray zone. We provide here a summary of the notable variable ranges for which biochar addition significantly changed CH 4 flux. For biochar addition to all land uses, soil organic carbon (<20 g kg -1 ) and total nitrogen (<2.0 g kg -1 ) are associated with negative Hedge's d (Fig. 3a and 3b ). Soil clay (<10%) is associated with negative Hedge's d (Fig. 3e ) and clay (10-20%) is associated with positive Hedge's d in 5 biochar treatment upland soil (Fig. 3o) . Biochar treatment of upland soils with C:N of 8 to 12 is associated with a negative Hedge's d (Fig. 3m) . Biochar pyrolysis temperature (>500°C) and C/N (<70) in biochar treatment paddy soil is correlated with negative Hedge's d ( temperature and C/N, application rate, and experimental design and management practices including length of experiment, experimental methods, and P and K fertilizer application rate (Fig. 2) .
Net soil CH 4 emission is determined by a complex set of biogeochemical processes occurring simultaneously including the competition between methanogenic and methanotrophic process (Schink, 1997).
Methanogenesis can be stimulated or inhibited by changes in soil moisture, soil redox state, soil pH or the 5 differences in adsorbed organic compounds and inorganic constituents (Wang et al., 1993; Yang and Chang, 1998 (Fig. 2b-c ). This suggests that methanogenesis is enhanced in both paddy and upland soils upon biochar addition above a SOC concentration threshold. Biochar amendment to soils has been shown 15 to provide additional habitats for microbes (Mukherjee and Lal, 2013) and can adsorb and retain organic substrates from the soil matrix to fuel microbial processes (Wardle et al., 2008) ; however, it is unlikely that biochar C is directly respired due to its recalcitrance (Knoblauch et al., 2011; Xie et al., 2013) . Biochar addition can also increase soil moisture (Wang et al., 1993; Yang and Chang, 1998) Variations in soil pH was also significantly affected how paddy soils responded to biochar additions, but no significant change in flux was seen for a range of upland soil pH (Fig. 2a-c In contrast to acidic soils, application of biochar to near neutral soils (pH of 6-7) is associated with 15 increased CH 4 flux in paddy and upland soils (Fig. 2b-c) , possibly due to lower tolerance of methanotrophs to pH shifts from neutral conditions (Jeffery et al., 2016) . The kernel density estimation of biochar pH from all studies considered shows that most biochar applied to soils were between pH of 8-10 ( Fig. S4-6 ). Unfortunately, there is insufficient data within our study to determine whether a relationship between soil pH change and biochar amendment exists, making it difficult to determine whether the positive relationship between biochar 20 amendment and CH 4 flux is due to soil pH change. However, our results demonstrate that biochar amendment to circumneutral pH soils likely will increase CH 4 flux. Many studies have reported that the total porosity and aeration of soils are increased with biochar input, leading to change in oxygen and water status (Lehmann et al., 2011; Mukherjee and Lal, 2013) . However, our meta-analysis shows that variations in soil texture had a non-significant effect on CH 4 release/uptake with biochar input in either paddy or upland soils (Fig. 2a-c) . Addition of biochar to Higher clay content in both upland and paddy soils appear to be associated with slightly higher CH 4 flux/decreased sink relative to other soil 5 textures, where addition of biochar course texture is associated with decreased flux/increased sink strength for both land uses. This result may indicate that addition of biochar to coarser soil textures, which are already expected to favor methanotrophy particularly in upland soils, further enhances methanotrophs or inhibits methanogens by providing even greater aeration and microsites. Again, the lower number of studies on paddy soils also restricts our confidence in defining possible driving mechanisms. Further investigation into this 10 counterintuitive result is needed to clarify the role of soil texture in influencing methane flux from biochar amended paddy and upland soils.
Though soil properties appear to have the most influence on change in CH 4 flux with biochar amendment, biochar feedstock, pyrolysis temperature, and biochar C/N were also associated with significant changes in CH 4 flux change (Fig. 2d-f ). However, due to the low number of studies using biosolids (n = 4) and wood (n = 9), the 15 results may not be conclusive. Biochar heat treatment temperature is a major factor influences pyrolytic production and functional group composition of the resulting biochar (Keiluweit et al., 2010) . Biochar produced at 400-700°C have a large amount of quinone and hydroquinone moieties, which can act as sorbents of electron donors and acceptors (Klüpfel et al., 2014; Zhou et al., 2014) Aside from inhibition of methanogenesis by the presence of metabolic intermediates, decreased methane 10 flux upon biochar addition to low C/N soils may also be caused by high ammonium and nitrate concentrations from N fertilizer additions in those studies. This would lead to decreased organic matter decomposition and decrease in substrate access by methanogens (Lucas and Casper, 2008) . However, our results showed N fertilizer application rate have no significant influence on methane flux upon biochar input (Fig. 2g-2i ), which has also been observed in other studies (Neff et al., 1994) .
15
Variations in most management practices do not result in a significant change in methane flux upon biochar addition to upland soils, in contrast to paddy soils where management practice appears to alter flux significantly in multiple categories. Biochar amendment to soils without P and K fertilizer application appears to inhibit CH 4 production/increase sink strength in paddy soil (Fig. 2h) . Phosphate availability can be enhanced with alkaline biochar addition in acidic soils by increasing soil pH (Nelson et al., 2011; Novak et al., 2009 ).
20
Potassium availability generally also increases as soil pH increases and becomes optimally available at pH above 6.5 (Subedi et al., 2016) . Biochar amendment to soils may have increased the P and K availability, allowing should be included in a single study for cross-study comparisons.
In order to build linear additive models that can be used to predict soil methane flux in response to biochar additions, variables to be used in model matrix need to be evaluated based on the local linear regression results.
By individually evaluating each variable using a continuous regression function, we are able to identify the specific range of parameter values that result in increase versus decrease in methane flux/change in sink 10 strength (Fig. 3) . Our meta-analysis results emphasize the need to integrate land use type, soil properties, and a select number of biochar properties, with weaker emphasis on management practices variables when building additive models. For example, by excluding management practice parameters, the model goodness-of-fit will likely increase while also decreasing computational time (Wood, 2006) .
Conclusions
15
Biochar addition to agricultural soils have been shown to result in highly variable change in methane flux, from increased methane emissions/decreasing sink strength of the soil, decreased emissions/increase in sink strength, to having no effect. Here, we demonstrate that more detailed examination of land use, soil, and biochar characteristics an help define parameters that significantly affect soil response to biochar amendment.
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